A soil-and site-dependent complex of diverse microbial populations causes apple replant disease (ARD), which leads to economic losses for tree nurseries and apple producers due to reduced plant growth and diminished fruit yields. Soil fumigation has been widely used to mitigate ARD, but the application of these chemicals is restricted in the European Union. Hence, other counteractions have to be developed. Genomics-based breeding may be used to select ARD-tolerant genotypes; however, molecular responses of ARD are not well understood. Recent studies revealed that biotic stress-associated genes involved in typical defense reactions are activated but do not result in an adequate response to ARD. The objective of this study was to analyze selected responsive genes in a time-course experiment to test for expression kinetics. Cultivating the ARD-susceptible apple rootstock 'M26' on ARD-affected soil resulted in significantly reduced growth as early as 7 days after planting. Genes involved in phytoalexin biosynthesis were upregulated in ARD samples as early as 3 days after planting and reached up to 26-fold changes at Day 10, which resulted in high amounts of 3-hydroxy-5-methoxybiphenyl, aucuparin, noraucuparin, 2-hydroxy-4-methoxydibenzofuran, 2′-hydroxyaucuparin and noreriobofuran. For the first time, these phytoalexins were detected, identified and quantified in apple roots. The lack of a sufficient defense response may be due to impaired sequestration and/or exudation of the potentially cytotoxic phytoalexins and perturbed formation of reactive oxygen species, leading to root damage in ARD soils. The findings provide a basis for comparative studies of the defense processes in more ARD-tolerant rootstocks.
Introduction
Apple replant disease (ARD) describes a severe problem in commercial fruit orchards and tree nurseries with high turnover rates in planting new trees in the same field. Symptoms of the worldwide phenomenon can be detected within 1-3 months after planting in the field and include diminished growth with restricted and condensed internodes (Mazzola and Manici 2012) . In addition to reduced aboveground growth, the biomass of roots is also negatively affected and discolorations as well as root tip necrosis are observed (Mazzola and Manici 2012) . Eventually, continuous cropping leads to an adverse influence on fruit yield and quality, demonstrated by undesirable texture, appearance and flavor of apple fruits .
Many studies have established background knowledge concerning potential causal agents in ARD etiology. Although no definitive cause was found, which applies to the majority of cases, organisms most often associated with the disease are parasitic fungi and oomycetes of the genera Cylindrocarpon (Tewoldemedhin et al. 2011a , Mazzola and Manici 2012 , Manici et al. 2013 , Phytophthora (Tewoldemedhin et al. 2011b, Mazzola and , Pythium (Tewoldemedhin et al. 2011b , Mazzola and Manici 2012 , Manici et al. 2013 and Rhizoctonia (Tewoldemedhin et al. 2011b , Mazzola and Manici 2012 . Abiotic factors may impede apple tree growth but were not found to strongly impact the disease (Spath et al. 2015) . Due to the broad spectrum of diverse microorganisms prospectively concomitant to ARD, effective control is nowadays almost not conceivable since soil fumigants, which were successfully used for soil disinfection in former times, are being phased out because of environmental concerns (Porter et al. 2010) . The European Union adopted the directive EC 128/2009 (2009) for the restricted and sustainable use of pesticides. Hence, studies dealing with ARD have focused on finding alternative counteractions for plants to cope with ARD.
Accomplishing better growing conditions for plants faced with ARD was the main goal of biofumigation studies (Mazzola et al. 2007 (Mazzola et al. , 2009 , but results on disease control still vary as external factors like differences in temperature, precipitation and solar radiation as well as tissue disruption and soil water content can influence the effect of this method (Yim et al. 2016) . Additional alternative means for disinfection of ARD soils were proposed including the application of biochar , intact glucosinolates (Hanschen et al. 2015) , arbuscular mycorrhiza as well as microbial (Guo et al. 2014, Gastol and Domagala-Swiatkiewicz 2015) and seaweed fertilizers (Wang et al. 2016) ; however, further tests have to be conducted. Other cropping practices, which may potentially mitigate the disease outcome, involve replanting in inter-rows (Kelderer et al. 2012) , treatments for manipulation of rhizosphere microbial communities to decrease detrimental and increase beneficial microorganisms (Manici et al. 2013 , and carbon source-dependent anaerobic soil disinfestation (Hewavitharana et al. 2014, Hewavitharana and .
While the counteractions mentioned above aimed to assure stable growth of established apple rootstocks, there is also the possibility of breeding more tolerant genotypes, which can better handle the adverse circumstances presented by ARD. Rootstock breeding (Volk et al. 2015) plus evaluation of ARD tolerance have recently been described (Forge et al. 2016) . Furthermore, phenotypical information referring to root turnover (Atucha et al. 2014) as well as root development have been linked to ARD tolerance mechanisms but the possible exploitation of genomics-assisted breeding relies on thorough understanding of ARD at the molecular level. It also depends on suitable traits associated with ARD and the development of closely linked molecular markers .
So far, only few studies have been conducted in regard to the molecular responses of ARD-affected plants. It has been shown that phenolic compounds possibly function as antioxidant substances in response to ARD (Börner 1959 , Henfrey et al. 2015 , especially, the flavonoid phloridzin was detected to a higher degree in exudates of ARD roots (Hofmann et al. 2009 . Correspondingly, first studies analyzed the transcriptomic response of apple seedlings to an infection by Pythium ultimum, one of the potential causal agents of ARD, which resulted, among others, in the upregulation of genes involved in secondary metabolism reactions next to differentially expressed genes in hormone metabolism (Shin et al. 2014 . Likewise, our own previous results suggest the importance of secondary metabolism-associated genes in the ARD response, which facilitates using such genes as molecular markers in genomics-assisted breeding.
In detail, differentially expressed genes were identified by a transcriptomic approach using the RNA sequencing method MACE (massive analysis of cDNA ends) and comparing roots of the susceptible rootstock 'M26' grown for 7 days in either ARD soil or gamma-irradiated ARD soil . Among them, genes related to biphenyl and dibenzofuran phytoalexin biosynthesis, namely biphenyl synthases, O-methyltransferases and biphenyl-4-hydroxylases, were found to be significantly more highly expressed in ARD-affected roots . The biosynthesis of these antimicrobial defense compounds was previously characterized using Erwinia amylovorainfected apple shoots and elicitor-treated Sorbus aucuparia cell cultures (Chizzali et al. 2012a , 2012b , Khalil et al. 2015 , Sircar et al. 2015 . So far, 10 biphenyls and 17 dibenzofurans have been identified in Rosaceae, especially Malinae, species including Malus, Pyrus and Sorbus (Chizzali and Beerhues 2012 , Khalil et al. 2013 .
Possible candidates for molecular markers have to be stably expressed in ARD-affected plants even when faced with ARD soils of different agro-environments. Furthermore, candidates should show a strong expression for easy detection via quantitative realtime PCR (RT-qPCR) techniques. To understand their function, it is also interesting to monitor the expression of candidates over time to obtain a clearer picture of molecular responses in ARDchallenged plants. Therefore, in this study, we aimed to investigate defense-related genes that were identified to be significantly differentially expressed in ARD-grown roots ) towards their time-dependent response in roots in ARD soils of different origin. Furthermore, this study aimed to contribute knowledge to defense reactions in roots of woody plants, for which much less information is available than for biotic stressors affecting aboveground organs of herbaceous species. The ARD-vulnerable genotype 'M26' was employed due to its suitability as a reliable indicator test plant to detect ARD in soils (Yim et al. 2013 ).
Materials and methods

Soil origin and disinfection
Soil at a depth of 0-25 cm was taken from three field plots in a tree nursery in the area of Pinneberg, Schleswig-Holstein, Germany (53°41′58.51′N, 9°41′34.12′E) in September 2014. On this site (later on referred to as soil K), rose rootstock plants were grown from 1980 to 2011, with crop rotation with Tree Physiology Online at http://www.treephys.oxfordjournals.org
Tagetes starting from 2002 and annual replanting of the apple rootstock 'M4' started in 2012 (Yim et al. , 2016 . The soil was affected by ARD as the indicator apple rootstock plant 'M26' was inhibited in growth compared with the disinfected version of the soil . Amounts of 18-20 l of homogenized soil were packed in autoclavable bags (Sarstedt, Nümbrecht, Germany) and 175 l soil of the 350 l totally obtained were disinfected via γ-irradiation (BGS-Beta Gamma Service, Wiehl, Germany) at a minimum dose of 10 kGy, by which actinomycetes, fungi and invertebrates are eliminated (McNamara et al. 2003) . Afterwards, the soil bags were stored at 4°C for 10 days until 1 day before the start of the experiment.
Plant cultivation and harvest
In vitro propagation and rooting of the highly ARD-susceptible apple rootstock 'M26' (Yim et al. 2013 was performed according to . Acclimatization of rooted plants lasted 3.5 weeks in the greenhouse. In December 2014, acclimatized plants were potted into 1 l pots containing either γ-irradiated replant soil (γARD) or untreated replant soil (ARD). The slow-release fertilizer Osmocote Exact Standard 3-4 M (http:// www.scottsprofessional.com), which is optimized for an even and measured release of nutrients up to 4 months, was added to the soils at a concentration of 2 g l For RNA isolation at Days 0 (acclimatized plants before potting), 3, 7, 10 and 14, the whole root system was removed from the individual plants, rinsed with water, placed into 2 ml tubes (Sarstedt) and frozen in liquid nitrogen. Samples were stored at −80°C until homogenization of plant material. Root material for the analysis of phytoalexins was treated similarly, with the exception that root material after washing was freeze-dried for 3 days (Christ ALPHA 1-4 LSC, Osterode, Germany) and stored at −20°C until homogenization of plant material.
RNA extraction and first strand cDNA synthesis Root materials of five plants were combined to form a biological pool (= biological replicate) and a total of five pools was generated for each time point and soil variant. The pools were homogenized as described by and RNA extraction from 100 mg homogenized root material was performed using InviTrap Spin Plant RNA Mini Kit (Stratec, Birkenfeld, Germany) according to the manufacturer's instructions for phenol-containing plants. RNA yield and quality were assessed by a spectrophotometer (Nanodrop 2000c, Peqlab, Erlangen, Germany). Subsequent genomic DNA removal was achieved by in-solution DNA digestion using 1 μg of total RNA and DNase I (Thermo Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Afterwards, random hexamer primers were used in first strand cDNA synthesis to reversely transcribe total RNA, employing the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to the manufacturer's instructions. Aliquoted cDNA samples were stored at −80°C for proceeding RT-qPCR experiments.
RT-qPCR gene expression analyses
Candidate and reference genes (see Table S2 available as Supplementary Data at Tree Physiology Online), which were found by , were analyzed with a real-time PCR cycler (CFX Connect™, Bio-Rad, Hercules, CA, USA). Primer combinations (200 nM for each forward/reverse primer), iTaq Universal SYBR Green Supermix (Bio-Rad) and 1:10 cDNA dilutions were mixed and data was recorded with the Bio-Rad CFX Manager 3.1 software (Bio-Rad). The protocol for RT-qPCRs was as follows: 3 min at 95°C, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C. The program was ended after a melt curve analysis from 65 to 95°C with an increment of 0.5°C for 5 s at each step. Gene expression was measured for five biological replicates and two technical replicates per soil variant and time point. Normalized expression was calculated according to Pfaffl (2001) . To compare between gene expression in roots cultivated in different soils, data from a previous study (referred to as soil A, ) were re-calculated based on the three reference genes used in this study (ELONGATION FACTOR 1-ALPHA, ELONGATION FACTOR 1-BETA 2-LIKE and TUBULIN BETA CHAIN).
Extraction and analysis of phytoalexins
By adding steel beads (ø 1.5 cm) to freeze-dried samples, root material was homogenized using a mixer mill (Mixer Mill MM400, Retsch, Haan, Germany). Samples of homogenized powder from the individual variants (γARD, ARD) at different time points (0, 3, 7, 10 and 14 days) were combined to obtain enough material for the analysis of phytoalexin compounds. Phytoalexins were extracted from two technical replicates by splitting material from one biological replicate into two individual extractions. After extraction (Chizzali et al. 2012b) , analysis by gas chromatography-mass spectrometry was carried out as described previously (Hüttner et al. 2010) .
Data analyses
Using the statistics program R 3.3.2 (R Development Core Team 2008), statistical analyses were performed with log 2 transformed data. Means of measured or calculated parameters between soil variants (γARD, ARD) were compared using the Welch Two Sample t-test (Welch 1947 ) at a P-value level of 0.05. Different time points within one soil variant were compared using a Tukey multiple comparisons test adjusted for heterogeneous variances if needed (Tukey 1949 , Herberich et al. 2010 ) at a P-value level of 0.05. For the test of correlation between gene expression data obtained at Day 7 of this study and data from , the Pearson product-moment correlation coefficient (Pearson 1895 ) was calculated in Microsoft Excel 2010.
A gene interaction matrix of the analyzed candidate genes ) was built using STRING (Szklarczyk et al. 2017) . Here, the TAIR accession numbers (Arabidopsis thaliana), which were determined by MapMan (Thimm et al. 2004 ) and correspond to the respective Malus domestica accession numbers of our candidate genes, were analyzed, and predicted protein-protein interactions were generated (Figure 1) . Additionally, gene acronyms used in this study are defined in this figure. For the expression data over time, the connection between the start point of the experiment and Day 3 is indicated in the graphs by a dotted line, because the plant material at Day 0 represented freshly uprooted acclimatized plantlets, which can only be partly compared to the freshly potted plantlets at Day 3.
Results
ARD soil had a negative effect on the shoot and root growth of 'M26'
Plants of the apple rootstock 'M26' were negatively affected in their shoot growth over the course of the experiment when grown in ARD soil (Figure 2 ). After 7 days, plants grown in γARD soil showed significantly higher shoot length with 5.7 ± 1.1 cm compared with their counterparts cultivated in ARD soil with 5 ± 1.1 cm (Figure 2a ). The differences between the two variants became more pronounced with increasing time, resulting in mean shoot lengths of 19.9 ± 5.3 cm and 7.9 ± 2.7 cm for γARD and ARD, respectively, at the end of the experiment, which indicates a 2.5-fold increase in shoot length in γARD plants. The habitus of the plants reflected these observations (Figure 2b ). After 10 days of cultivation, the root system was also affected in overall growth and it showed darker coloration. Strikingly, shoot growth stagnated in both variants between Days 10 and 21. Thereafter, only γARD plants showed massive shoot growth.
Candidate gene expression was diversely affected by ARD
The plant defense genes ACIDIC ENDOCHITINASE-LIKE and THAUMATIN-LIKE PROTEIN 1A showed a decrease in expression in both variants from the start of the experiment to Day 3 (Figure 3 ). The expression of the genes in γARD samples was constant for the remaining time points. ACIDIC ENDOCHITINASE-LIKE was more highly expressed than THAUMATIN-LIKE PROTEIN 1A and revealed an increase in gene expression over time in ARD samples. In addition, ACIDIC ENDOCHITINASE-LIKE showed significant differences between soil variants starting from Day 3, whereas THAUMATIN-LIKE PROTEIN 1A was significantly affected after 7 days of cultivation. In contrast, the expression patterns of genes with regulatory functions differed (Figure 4 ). While 17.1 KDA CLASS II HEAT SHOCK PROTEIN-LIKE, 18.5 KDA CLASS I HEAT SHOCK PROTEIN-LIKE and F-BOX/KELCH-REPEAT PROTEIN AT4G12810 were not significantly influenced in their expression by ARD, 17.3 KDA CLASS II HEAT SHOCK PROTEIN-LIKE and SENESCENCE-ASSOCIATED CARBOXYLESTERASE 101-LIKE were more highly expressed in ARD than in γARD samples, although at most time points at only slightly higher levels (Figure 4) . Likewise, genes involved in signaling (grouped by according to references therein) showed differing expression patterns and low expression levels ( Figure 5 ). ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR RAP2-11-LIKE, GIBBERELLIN-REGULATED PROTEIN 1-LIKE and LRR RECEPTOR-LIKE SERINE/THREONINE-PROTEIN KINASE MRH1 exhibited significantly higher expression in γARD samples, at least at one time point during the experiment. Expression of these genes in ARD samples stayed on a consistent level. In γARD samples, the genes were stably expressed until Day 7 after an initial decrease from the start of the experiment to Day 3. ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR RAP2-11-LIKE, GIBBERELLIN-REGULATED PROTEIN 1-LIKE and LRR RECEPTOR-LIKE SERINE/THREONINE-PROTEIN KINASE MRH1 increased in expression after Day 7, showing maximum expression at Day 10 with significant differences compared with ARD samples. They stayed on this level also at Day 14. Expressions of ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR 1B-LIKE, GATA ZINC FINGER DOMAIN-CONTAINING PROTEIN 10-LIKE and ZINC FINGER PROTEIN ZAT12 were significantly higher in ARD samples for all time points with the exception of Day 3 for GATA ZINC FINGER DOMAIN-CONTAINING PROTEIN 10-LIKE.
Phytoalexin biosynthesis genes revealed a strong and early response to ARD Phytoalexin biosynthesis genes showed similar expression profiles over time, although at different expression levels ( Figure 6 ). They were significantly upregulated in ARD samples already after 3 days and showed an increase in expression compared with the start of the experiment. Expression of these genes in γARD samples consistently remained on a lower level with a slight decrease measured from the start of the experiment to Day 3. Only CAFFEIC ACID 3-O-METHYLTRANSFERASE-LIKE (isoform Tree Physiology Online at http://www.treephys.oxfordjournals.org a) did not follow this expression pattern, but displayed hardly any differences between soil variants and time points. Regarding the different expression levels, BIPHENYL SYNTHASE 2 and BIPHENYL SYNTHASE 3 were most highly expressed in ARD samples with peak levels at Day 10 reaching values of normalized expression of 26.48 ± 7.33 (21.18 times upregulated) and 57.27 ± 14.91 (11.36 times upregulated), respectively. In ARD samples at Day 10, CAFFEIC ACID 3-O-METHYLTRANSFERASE-LIKE (isoform b), CYTOCHROME P450 CYP736A12-LIKE (isoform a) and CYTOCHROME P450 CYP736A12-LIKE (isoform b) showed similar maximal normalized expression values of 14.1 ± 4.26 (3.64 times upregulated), 7.66 ± 2.72 (6.47 times upregulated) and 10.42 ± 3.09 (6.71 times upregulated), respectively. In contrast, BIPHENYL SYNTHASE 4 and CAFFEIC ACID 3-O-METHYLTRANSFERASE-LIKE (isoform a) were expressed at Day 10 at lower levels with maximal normalized expression values of 2.53 ± 0.72 (26.23 times upregulated) and 3.05 ± 0.39 (no regulation), respectively.
High levels of phytoalexins were detected in ARD samples
Corresponding to the increased expression levels of phytoalexin biosynthesis genes, the total phytoalexin content in ARD samples was found to be consistently higher than in γARD samples (Figure 7) . In ARD samples, the total content increased over time, reaching 1.7 ± 0.19 mg g -1 dry matter after 14 days. In 
), ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR 1B-LIKE (MDP0000127134/AT3G23240, ERF1B), ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR RAP2-11-LIKE (MDP0000177547/AT5G19790, ERF RAP2.11), GIBBERELLIN-REGULATED PROTEIN 1-LIKE (MDP0000140078/AT1G75750, GASA1), GATA ZINC FINGER DOMAIN-CONTAINING PROTEIN 10-LIKE (MDP0000922823/-, GATAD10), LRR RECEPTOR-LIKE SERINE/THREONINE-PROTEIN KINASE MRH1 (MDP0000302779/AT5G45840, MRH1), NAC TRANSCRIPTION FACTOR 25-LIKE (MDP0000842702/AT5G13180, NAC25) and ZINC FINGER PROTEIN ZAT12 (MDP0000595671/AT5G59820, ZAT12).
Genes of the same category are shown in the same color (phytoalexin biosynthesis genes in black, plant defense genes in green, genes with regulatory function in brown and signaling genes in orange). Solid lines represent a direct interaction between genes whereas broken lines indicate indirect interactions with one additional gene in between. For GATAD10, KFB, NAC25 and TL1, either no interaction was found or no TAIR accession number was available (GATAD10). This figure is available in black and white in print and in color at Tree Physiology online.
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contrast, contents in γARD samples stayed on the same level at around 0.2 mg g -1 dry matter over time after an initial decrease from the start of the experiment. Individual phytoalexin compounds were present at higher concentrations in ARD samples (Table 1) . 3-Hydroxy-5-methoxybiphenyl, aucuparin, noraucuparin, 2-hydroxy-4-methoxydibenzofuran, 2′-hydroxyaucuparin and noreriobofuran were identified in ARD samples. The compound 2-hydroxy-4-methoxydibenzofuran was found over all time points in γARD samples but it was detected at higher concentrations in ARD samples. The other compounds were either not detected or not identified due to low concentrations in γARD samples. 3-Hydroxy-5-methoxybiphenyl and aucuparin were exclusively found in ARD samples. Noraucuparin was also detected in γARD samples at Day 3 but at a 13 times lower concentration than in ARD samples. Figure 8 summarizes the kinetics on the accumulation of the detected phytoalexins and the expression of the corresponding genes in a proposed biosynthetic pathway of phytoalexins found in 'M26'.
Discussion
ARD rapidly affected the growth habitus of 'M26' plants
In this study, the shoot growth of the ARD-susceptible apple rootstock 'M26' was affected earlier than in previous investigations . Since the cited reports also focused on the ARD-prone apple rootstock 'M26', the soil Differences between treatments at one time point were tested using a Welch Two Sample t-test (means and standard deviations of n 0 = 175, n 3;10;21;28;35;42;49;56 = 35, n 7 = 140, n 14 = 70) with significant differences shown for P < 0.01 (**) and P < 0.001 (***). Using a Tukey multiple comparisons test, differences between time points within one treatment were marked with different letters indicating significant differences (P < 0.05, red color for γARD, blue color for ARD). (b) Overall habitus of plants cultivated in either γARD or ARD soils after 3, 7, 10, 14 and 56 days (end of experiment) with corresponding root systems. This figure is available in black and white in print and in color at Tree Physiology online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org used in our study appears to be more severely affected by ARD. This is probably due to a differing cropping history (apple rootstock plants on soil A were repeatedly grown until 2009, followed by Prunus domestica in 2010, Cydonia oblonga in 2011 and annual replanting of the apple rootstock 'M4' since 2012; Yim et al. 2015 Yim et al. , 2016 . Furthermore, there are different soil properties (see Table S1 available as Supplementary Data at Tree Physiology Online) resulting in different microbial communities in these two soils . Additionally, although the majority of genes tested in 'M26' roots of ARD soils in different agro-environments at Day 7 revealed comparable expression ratios (see Table S3 available as Supplementary Data at Tree Physiology Online, R = 0.66), phytoalexin biosynthesis genes were even more affected in this study. The observation that plants grown on ARD soil used in this study (soil K) were more severely affected by ARD than those in the previous study (soil A) may therefore be correlated to the higher upregulation of phytoalexin biosynthesis genes at Day 7 in this study. Yim et al. (2015) discussed the greater abundance of genera with possibly advantageous characteristics in disinfected soil, leading to improved growth. Therefore, the soil used in this study appeared to be more heavily affected by disadvantageous microorganisms, also affecting the root system. Root discoloration of ARD-challenged plants observed in this study has been frequently reported previously (Tewoldemedhin et al. 2011a , Mazzola and Manici 2012 , Yim et al. 2013 , Atucha et al. 2014 , Shin et al. 2014 , Henfrey et al. 2015 . Especially, stronger lignification of ARD-affected roots, which indicates oxidation of phenolic compounds, was found in 'M26' (Yim et al. 2013 ). This may suggest that higher phenolic concentrations in the root system were responsible for the color of roots in ARD samples. Phenolic compounds may play a role as antioxidant substances in defense to ARD , Henfrey et al. 2015 . Especially, the flavonoid phloridzin was found to a higher extent in root exudates of ARD plants (Hofmann et al. 2009 . Transcriptomic data obtained for P. ultimum-infected apple roots and ARD-affected 'M26' roots also emphasized the involvement of phenolic metabolism, such as flavonoid and phenylpropanoid pathways, in ARD due to the upregulation of associated genes (Shin et al. 2016 ).
Diverse expression of biotic stress response genes in 'M26' advocates suppressed defense reactions
Ethylene signaling is often reported to act in defense reactions towards biotic stress (Glazebrook 2005 , Broekaert et al. 2006 but the inconsistent expression behavior of ethylene-responsive transcription factors observed here hints at a suppressed defense reaction in 'M26' plants. In contrast, ethyleneresponsive transcription factors were upregulated in the study of Shin et al. (2014) , probably due to using a different genotype and exposing plants only to one of the potential causal agents of ARD, P. ultimum. The hypothesis of a suppressed defense reaction is also supported by the activation of downstream defenserelated genes (ACIDIC ENDOCHITINASE-LIKE and THAUMATIN-LIKE PROTEIN 1A), which was obviously not effective. For a complete picture, more genes involved in ethylene biosynthesis and signaling need to be investigated. Nevertheless, further evidence of disturbed defense mechanisms can be deduced from the downregulation of the signaling genes GIBBERELLIN-REGULATED PROTEIN 1-LIKE and LRR RECEPTOR-LIKE SERINE/ THREONINE-PROTEIN KINASE MRH1, which are responsible for regulating DELLA proteins and thereby modulate the balance of salicylic acid and jasmonic acid signaling in plant immunity (Zhu et al. 2005 , De Bruyne et al. 2014 . Furthermore, disease resistance signal cascades are affected (Afzal et al. 2008 ), which in turn lead to phytohormone and reactive oxygen species signaling (León et al. 2001) . Shin et al. (2016) hypothesized that reactive oxygen species scavenging systems such as ascorbate and glutathione may play a critical role in apple root tissues. Interestingly, genes associated to the ascorbate and glutathione redox systems were also more often upregulated in ARD samples, pointing to the possibility of a non-sufficient reactive oxygen species scavenging system in the ARD-susceptible rootstock 'M26' ). Hints at oxidative stress were also found in leaves of ARD-challenged plants (Weiß and Figure 3 . Expression of plant defense genes in γARD and ARD samples analyzed by RT-qPCR. Differences between treatments for acidic endochitinase (CHIA, a) and thaumatin (TL1, b) at one time point were tested using a Welch Two Sample t-test (means and standard deviations of n = 5) with significant differences shown for P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). Using a Tukey multiple comparisons test, differences between time points within one treatment were marked with different letters indicating significant differences (P < 0.05, red color for γARD, blue color for ARD). This figure is available in black and white in print and in color at Tree Physiology online.
Winkelmann 2017), which is in line with the higher expression over time of the signaling gene ZINC FINGER PROTEIN ZAT12 in ARD samples because this gene is associated to reactive oxygen species signaling (Davletova et al. 2005) .
Nevertheless, functional deduction of the analyzed genes requires further experiments. Feder and Walser (2005) reviewed the correlation of mRNA abundance and protein activity, which is essential for the plant's fitness. On the biochemical level, fitness is defined as the proper function of proteins. Hence, further analysis of the function of the candidate genes should focus on proteomic and metabolomic (e.g., phytoalexins) approaches as it has been frequently shown that mRNA abundance often does not correlate with protein abundance, although transcription of encoding genes is necessary for protein biosynthesis. Regulatory steps between transcription, translation and the functional protein are often responsible for the lack of correlation between mRNA and protein abundance (Feder and Walser 2005) . These authors also highlighted that the concentration of a protein is highly linked to the balance between synthesis and degradation. This may be evident when looking at the plant defense genes ACIDIC ENDOCHITINASE-LIKE and THAUMATIN-LIKE PROTEIN 1 as their obvious lack of effect (defense against biotic stressors) can potentially hint at further regulatory steps involved in ARD. Therefore, these candidate genes have to be further characterized for their function in ARD.
Compromised defense reactions in ARD-affected 'M26' roots suggest phytoalexin toxicity
In phytoalexin biosynthesis, biphenyl synthases, O-methyltransferases and biphenyl-4-hydroxylases are involved in the production of biphenyls and dibenzofurans (Khalil et al. 2015) . To deal with biotic stress, reported to be the main cause of ARD incidence (Mazzola and Manici 2012) , plants have the opportunity to produce phytoalexins (Ahuja et al. 2012) . Additionally, genes involved in phytoalexin biosynthesis were also a central part in linking most of Figure 4 . Expression of genes with regulatory functions in γARD and ARD samples analyzed by RT-qPCR. Differences between treatments for heat shock proteins (HSP17.1, a; HSP17.3, b; HSP18.5, c), F-box/kelch-repeat protein (KFB, d) and senescence-associated carboxylesterase (SAG101, e) at one time point were tested using a Welch Two Sample t-test (means and standard deviations of n = 5) with significant differences shown for P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). Using a Tukey multiple comparisons test, differences between time points within one treatment were marked with different letters indicating significant differences (P < 0.05, red color for γARD, blue color for ARD). This figure is available in black and white in print and in color at Tree Physiology online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org the candidate genes analyzed in our study (Figure 1 ). In apple, biphenyls and dibenzofurans were found in higher concentrations in the transition zone of Erwinia amylovora-infected shoots as a result of higher biphenyl synthase gene expression, especially BIPHENYL SYNTHASE 3 (Chizzali et al. 2012a (Chizzali et al. , 2012b (Chizzali et al. , 2013 . In our study, BIPHENYL SYNTHASE 3 was likewise the gene with the highest expression level whereas the other isoforms showed the highest upregulation of monitored candidate genes. This is in accordance with our previous study, in which biphenyl synthase genes were also expressed at the highest level in ARD samples . The importance of these genes was also indicated by infection of apple roots with P. ultimum, one of the potential causal agents of ARD, given the upregulation of one biphenyl synthase, annotated as chalcone synthase, 24 h post-inoculation (Shin et al. 2016) . The high expression of phytoalexin biosynthesis genes under ARD conditions further supports the predominant role of fungi in causing ARD (Manici et al. 2013 . Contrarily, healthy plant materials commonly lack phytoalexins (Morrissey and Figure 5 . Expression of signaling genes in γARD and ARD samples analyzed by RT-qPCR. Differences between treatments for dof zinc finger protein (DOF3.5, a), ethylene-responsive transcription factors (ERF1B, b; ERF RAP2.11, c), gibberellin-regulated protein (GASA1, d), GATA zinc finger domaincontaining protein (GATAD10, e), protein kinase (MRH1, f), NAC transcription factor (NAC25, g) and zinc finger protein (ZAT12, h) at one time point were tested using a Welch Two Sample t-test (means and standard deviations of n = 5, GATAD10 Day 3: n = 3) with significant differences shown for P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). Using a Tukey multiple comparisons test, differences between time points within one treatment were marked with different letters indicating significant differences (P < 0.05, red color for γARD, blue color for ARD). This figure is available in black and white in print and in color at Tree Physiology online.
Osbourn 1999), which is also true for the biphenyls studied here. However, the detection of two dibenzofurans at Day 0 could either mean that the physiological state of the plants was perturbed upon planting, as supported by the decreasing levels of noreriobofuran in γARD samples, or that the compounds may also function as constitutive phytoanticipins, which is supported by the relatively constant levels of 2-hydroxy-4-methoxydibenzofuran. Nevertheless, the important function of phytoalexins is indicated by the rapid and strong upregulation of the associated biosynthetic genes towards ARD.
In potato, Vicia fabia and Phaseolus vulgaris, host resistance was correlated to the level of phytoalexin accumulation but Brassica spp. and various cruciferous plants lacked this Figure 6 . Expression of phytoalexin biosynthesis genes in γARD and ARD samples analyzed by RT-qPCR. Differences between treatments for biphenyl synthases (BIS2, a; BIS3, b; BIS4, c), O-methyltransferases (OMTa, d; OMTb, e) and biphenyl-4-hydroxylases (B4Ha, f; B4Hb, g) at one time point were tested using a Welch Two Sample t-test (means and standard deviations of n = 5) with significant differences shown for P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). Using a Tukey multiple comparisons test, differences between time points within one treatment were marked with different letters indicating significant differences (P < 0.05, red color for γARD, blue color for ARD). This figure is available in black and white in print and in color at Tree Physiology online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org relationship and high phytoalexin concentrations potentially led to cytotoxicity (Rogers et al. 1996) . Dixon et al. (1994) also assumed that the high accumulation of phytoalexins is toxic to the plant. The phytoalexin phaseolin killed bean and beet cells, possibly due to the loss of tonoplast integrity, leading to the release of toxic plant metabolites and hydrolytic enzymes (Glazener and Van Etten 1978, Hargreaves 1980) . One may hypothesize that the ARD-susceptible rootstock 'M26' cannot exploit the phytoalexin defense mechanism. Rather, the observed response in roots of this genotype may have led to conditions under which either sequestration or exudation of potentially toxic molecules resulted in killing of parts of the root system. This assumption might be supported by the early shoot length differences observed in this study between γARD and ARD plants, the early and high expression of phytoalexin biosynthesis genes in ARD roots as well as elevated phytoalexin contents. The finding that the expression of phytoalexin biosynthesis genes did not decrease over time might be due to the fact that newly developing lateral roots continuously come into contact with ARD. This hypothesis is fostered by the observation of brown and non-viable roots or root parts in ARD soil. Due to the responsibility of roots to provide the plant with nutrients and water, shoot growth was negatively affected.
The identified biphenyl and dibenzofuran phytoalexins were previously detected in fire blight-infected apple shoots (Chizzali et al. 2012a , 2012b , Sircar et al. 2015 . However, the total content of biphenyls and dibenzofurans was four times lower than in our study. Rogers et al. (1996) demonstrated the cytotoxicity of the phytoalexin camalexin in Arabidopsis at concentrations of 0.5 mM and 2.5 mM, whereas phaseolin at 0.05 mM and 0.1 mM was able to kill bean and beet cells (Glazener and Van Etten 1978, Hargreaves 1980) . As individual phytoalexins of the present study reached peak concentrations within the reported ranges, cytotoxicity of phytoalexins may play a role in ARDaffected 'M26' plants. It seems plausible that more tolerant genotypes may possess the ability to have either a better control of the phytoalexin production, a different phytoalexin composition or a Figure 7 . Total phytoalexin content in mg g -1 dry matter (DM) in γARD and ARD samples. Means and standard deviations of two technical replicates of one pooled biological replicate are depicted. This figure is available in black and white in print and in color at Tree Physiology online. more potent detoxification system, as proposed by Henfrey et al. (2015) . 3-Hydroxy-5-methoxybiphenyl, aucuparin and noraucuparin were almost exclusively found in ARD samples and may hence play a superior role in this regard.
Conclusions
The expression of most analyzed candidate genes was conserved in 'M26' after a 7 day cultivation on ARD soils of different origin and cropping history, which may indicate their importance in ARD. In addition, the suitability of this genotype in testing soils for ARD incidence is supported. Early-reacting genes may be employed for early monitoring in order to estimate the ARD severity of soils. However, information about gene expression also has to be related to soil microbial communities in ARD soils for full comprehension of the plant responses. Gene expression analyses are limited because post-transcriptional regulation, translation and post-translational regulation cannot be visualized. Therefore, typical biotic stress responses on the transcriptomic level with no obvious effect may hint that later regulation steps are responsible for the ARD susceptibility of 'M26'. However, this study emphasized the importance of phytoalexin biosynthesis genes and their products in ARD incidence. Microorganisms inciting the biotic stress of ARD lead to accumulation of high amounts of phytoalexins in 'M26', whose potential cytotoxicity may evoke cell death, in combination with possibly deadly levels of reactive oxygen species. Likely exudation of phytoalexins into the soil may influence rhizosphere microbial communities, affecting the ARD biome.
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